Background/Aims: Parthenogenetic embryos are useful in many applications, such as being an alternative source of embryonic stem cells that would avoid ethical problems. Aberrance in epigenetic reprogramming is considered the major reason for the developmental failure of parthenogenetic embryos. Many histone deacetylase inhibitors have been shown to improve the reprogramming of stem cells and embryos. Here, the relationship between histone modification and parthenogenetic embryonic development was explored. Methods: Valproic acid (VPA) treatment was applied during the culture of parthenogenetic embryos. The abundance of histone modifiers was examined by immunofluorescence and quantified by Image-pro software. Results: The acH3K9 level in in vitro fertilized embryos was significantly higher than parthenogenetic embryos. VPA treatment improved both the blastocyst formation rate and the acH3K9 level in parthenogenetic embryos. The signal intensities of acH4K5 and H3K4me2 were also enhanced in VPA treated embryos. The H3K27me2 level was decreased in the VPA treated embryos at the 2-cell stage. However, the enhancement in the acH3K9, acH4K5 and H3K4me2 level, or the decrease in the H3K27me2 level disappeared shortly after VPA withdrawal. Conclusion: Optimizing histone modifications for a short time following activation was sufficient to enhance the in vitro development of parthenogenetic embryos.
Introduction
Parthenogenesis is defined as an embryo developing from an unfertilized egg. Due to the lack of the paternal genome, the development of a parthenogenetic embryo would be terminated during gestation. Parthenogenetic models are valuable tools for basic research. Many researchers have concentrated on investigating the differences between parthenogenetic embryos and normally developed embryos [1] , to transform parthenogenetic embryos and enable them to develop to term. For example, a large number of imprinted genes were found to be differentially expressed between parthenogenetic and fertilized embryos [2] .
In addition to genomic imprinting, other epigenetic modifications (DNA methylation or histone modification) may also be dysfunctional and may become an obstacle during the development of parthenogenetic embryos. Histone acetylation alters the higher-order chromatin structure and provides the greatest opportunity for unfolding chromatin to recruit different transcriptional factors. Therefore, many HDAC inhibitors have been used to improve embryonic development [3] [4] [5] . However, the relationship between histone modifications and embryonic development, especially for the parthenogenetic embryo, requires further exploration.
In our previous studies, vitamin C [6] , Scriptaid [7] and valproic acid (VPA) [8] have been shown to improve the developmental competence of porcine SCNT embryos and change their histone acetylation. In this study, we tried to improve the in vitro development of porcine parthenogenetic embryos with vitamin C, Scriptaid or VPA treatment, and analyze the abundance of acetylated histone-H3 at lysine-9 (acH3K9), acetylated histone-H4 at lysine-5 (acH4K5), dimethylation of histone-H3 lysine-4 (H3K4me2) and dimethylation of histone-H3 lysine-27 (H3K27me2).
Materials and Methods
All animal care and experiments in this study were conducted according to the guidelines of the Animal Care and Welfare Committee of Jilin University. All chemicals were purchased from Sigma Aldrich Co. (St. Louis, MO, USA), unless otherwise stated. All of the solutions and media were filtered using a 0.22-mm filter.
Oocyte collection, in vitro maturation, parthenogenetic activation, and in vitro culture
The protocol for the generation of porcine parthenogenetic embryos was previously described in detail [9] . Briefly, porcine ovaries were collected at a local slaughterhouse and kept in sterile saline water at 32-37°C. The follicular contents were aspirated from 3 to 6 mm follicles, and cumulus-oocyte complexes (COCs) with at least three uniform layers of cumulus cells were then selected using a sterile glass pipette.
After rinsing three times, COCs were matured in TCM-199 supplemented with 0.1% polyvinyl alcohol, d-glucose (3.05 mM), sodium pyruvate (0.91 mM), penicillin (75 µg/ ml), streptomycin (50 µg/ ml), epidermal growth factor (10 ng/ ml), cysteine (0.57 mM), follicle-stimulating hormone (0.5 µg/ ml), and luteinizing hormone (0.5 µg/ ml) at 39°C and 5% CO 2 . After culturing for 42 to 44 h, the cumulus cells of COCs were denuded from the oocytes with 0.1 % hyaluronidase. Only the oocytes with an extruded first polar body, round-shape and intact cytoplasm were selected and maintained in the manipulation medium for the further experiments.
Parthenogenetic activation was performed in medium containing 0.3 M mannitol, 1.0 mM CaCl 2 . 2H 2 O, 1.0 mM MgCl 2 . 6H 2 O and 0.5 mM HEPES. Denuded oocytes were activated using two 2-DC pulses with a voltage of 1.2 kV/ cm for 30 µsec on a BTX Electro Cell Manipulator 2001 (BTX, San Diego, CA, USA). Then, oocytes were cultured in PZM-3 (with 3 mg/ml BSA) supplemented with 7.5 µg/ ml cytochalasin B for 4 h.
After rinsing completely with PZM-3 (with 3 mg/ml BSA), embryos were further cultured inPZM-3 (with 3 mg/ml BSA) at 39°C in a humidified atmosphere of 5% CO 2 . Embryos at the 1-cell, 2-cell, 4-cell, and blastocyst stages were collected at 18, 24, 36 and 132 h after electrical activation, respectively.
In vitro fertilization (IVF)
Before in vitro fertilization, mTBM medium (113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl 2 .2H 2 O, 5 mM sodium pyruvate, 11 mM glucose, 1 mM caffeine, 20 mM Tris, 0.1% BSA, 75 µg/ ml penicillin and 50 µg/ ml streptomycin) was equilibrated at 39°C in a humidified atmosphere of 5% CO 2 for 18 to 24 h. Denuded oocytes were rinsed three times with mTBM medium and 15 oocytes were then transferred into 50μl drops of mTBM medium. Fresh spermatozoa were subjected to centrifugation at 800 rpm for 10 min, and the supernatant was discarded. The precipitate was washed twice by centrifugation at 800 rpm for 10 min in DPBS supplemented with 0.1% BSA. Following the washing procedure, the spermatozoa were suspended in mTBM medium and incubated at 39°C in a humidified atmosphere of 5% CO 2 for 1 h. An appropriate dilution was conducted with the swim-up spermatozoa, and 5 μl of this suspension was added per mTBM drop containing oocytes to yield a final concentration of 1.5 -5 × 10 5 spermatozoa/ml. After co-incubation for7 h, the oocytes were then washed three times withPZM-3 (with 3 mg/ml BSA). Forty to 50 oocytes were transferred into 100 μl drops of PZM3 (with 3 mg/ml BSA) for an additional culture at 39°C in a humidified atmosphere of 5% CO 2 . The time at which the oocytes were transferred into PZM-3 drops was considered 0 h. IVF embryos at the 1-cell, 2-cell, 4-cell, and blastocyst stages were collected at 15, 21, 33 and 129 h, respectively.
Drug treatment
The concentrated stock solution of VPA was made at 40 mM in PZM-3 and stored at -20℃. In accordance with different experimental procedures, the VPA stock solution was dissolved in PZM-3 (with 3 mg/ml BSA) at different concentrations. Following treatment, embryos were washed three times with PZM-3 (with 3 mg/ml BSA) and further cultured in PZM3 without VPA.
Vitamin C was dissolved in PZM-3 and prepared as a stock solution at 5 mg/mL, and the stock solution was stored at -20°C. The vitamin C concentrated stock solution was dissolved into the PZM-3 (with 3 mg/ ml BSA) at different concentrations according to the different experimental procedures. At the end of the treatment, embryos were transferred into PZM3 (with 3 mg/ml BSA) without vitamin C.
Scriptaid was dissolved in dimethyl sulfoxide at 5 mg/mL, and the stock solution was stored at -20°C. The stock solution was added to PZM-3 (with 3 mg/ml BSA) at different concentrations according to different experimental procedures. After Scriptaid treatment, embryos were washed three times with PZM-3 (with 3 mg/ml BSA) and further cultured in PZM-3 without Scriptaid.
Immunofluorescence Briefly, the zona pellucidae of embryos were removed by treating with 3.3 mg/ml pronase solution, and the embryos were rinsed in BSA-DPBS. Then, the embryos were fixed in 4% (v/v) paraformaldehyde for 30 min and permeabilized with 0.2% Triton X-100 for 30 min. After being blocked in 5% goat serum in PBS for 30 min, embryos were co-incubated with a rabbit polyclonal primary antibody (acH3K9, 1:400, Abcam; acH4K5, 1:400, Abcam; H3K4me2, 1:500, Cell Signaling Technology; H3K27me2, 1:500, Cell Signaling Technology) at 4°C overnight. After removing the primary antibodies, the embryos were washed intensively with 0.2% (v/v) Tween-20 in PBS. Alexa Fluor 594 goat anti rabbit IgG (Invitrogen, Carlsbad, CA, USA) diluted in 1:800 was then applied and incubated at 4°C overnight. After washing, the embryos was stained with Hoechst 33342 and mounted on slides. The fluorescence of embryos were then observed under an epifluorescence microscope (Nikon, Tokyo, Japan) equipped with a digital camera.
The fluorescence intensity of acH3K9, acH4K5, H3K4me2 and H3K27me2 were quantified with Imagepro plus software (Media Cybernetics, USA). Example for region of interested (ROI) at different stage could be seen in Fig. 1 . The IOD (integral optical density) and area of immunofluorescence staining in the ROI was calculated. Briefly, the image was converted into Gray Scale and inverted. Then, the picture was snapped and converted into Gray Scale again. The average level of optical density outside of the nuclear region was taken as the incident level. The sum of IOD and area were then counted. In the present study, per unit area IOD was used for comparison, which was calculated by IOD sum/ area sum.
Statistical analyses
All experiments were performed at least three times. Comparison of the mean per unit area IOD between the control and the VPA treated embryos was conducted using the independent-samples t test
Results

Low signal intensity of acH3K9 in parthenogenetic embryos
Aberrant epigenetic regulation, especially of DNA methylation, genomic imprinting and histone modification, largely accounts for the developmental failure of parthenogenetic embryos. In the present study, the differences in acH3K9 abundance between parthenogenetic and IVF embryos were explored (Fig. 1) . As shown in Fig. 2A , there were similar trends between IVF and parthenogenetic embryos and both displayed a trough at the 4-cell stage. However, acH3K9 showed significantly higher signal intensity in IVF embryos than in the parthenogenetic embryos from the 1-cell to blastocyst stage. Therefore, we propose that low levels of histone acetylation exert negative effects on the development of parthenogenetic embryos.
VPA enhanced the in vitro development of parthenogenetic embryos
Vitamin C, VPA and Scriptaid were found to improve the developmental competence of porcine somatic cell nuclear transfer (SCNT) embryos. Therefore, in the present study, Vitamin C, VPA and Scriptaid were applied to the culture of porcine parthenogenetic embryos according to the treatment of the porcine SCNT embryos. As shown in Table 1 , 500 nM Scriptaid treatment for 16 h could significantly improve the cleavage rate at 24 h (73.2% vs. 49.3%, p = 0.000), but not the blastocyst formation rate at 144 h (35.1% vs. 23.2%, p=0.057). As for Vitamin C, its treatment of 50 μg/ml for 16 h could significantly enhance both the cleavage rate at 24 h (76.1% vs. 49.3%, p = 0.000) and the blastocyst formation rate at 144 h (36.3% vs. 23.2%, p = 0.026). When the parthenogenetic embryos were treated with 1 mM VPA for 16 h, the cleavage rate at 24 h (78.0% vs. 49.3%, p = 0.000) and the blastocyst formation rate at 144 h (48.8% vs. 23.2%, p = 0.000) were significantly higher than in the control embryos. In addition, the blastocyst formation rate of embryos treated 
with VPA was even higher than that of the Scriptaid-treated embryos (48.8% vs. 35.1%, p = 0.042). Combined with the results regarding the acH3K9 levels between parthenogenetic and IVF embryos, it seems that VPA treatment would exert more advantageous effects on the development of porcine parthenogenetic embryos than Scriptaid or Vitamin C treatment.
To better determine the effect of VPA treatment on the in vitro development of parthenogenetic embryos, the development rate with VPA treatment at different concentrations or durations was studied. The in vitro development of parthenogenetic embryos treated with 1 mM VPA for 0, 8, 16, 24 and 48 h was analyzed. As shown in Table 2 , the blastocyst formation rate of parthenogenetic embryos treated with 1 mM VPA for 16 h was significant higher than the rates of embryos treated for 0 and 8 h (43.8% vs. 21.1%, p = and H3K27me2 between VPA treated (red) and non-treated (black) parthenogenetic embryos, respectively. * Indicates that there were significant differences between VPA treated and untreated embryos. N or n indicates the number of embryos included in this study.
& Indicates that the signal intensity was too low to calculate 38.9%, p = 0.000). Considering the possible cytotoxicity of VPA on the embryos, all of the following experiments were conducted using VPA treatment for 16 h after activation.
To better determine the effect of VPA treatment on parthenogenetic embryos, the treatment concentrations were optimized. Immediately after activation, embryos were treated with VPA at 0, 0.5, 1, 4 and 8 mM in PZM3 for 16 h (Table 3) . Treatment with 1 mM VPA significantly increased the percentage of cleavage rate at 24 h (70.8% vs. 50.6%, p = 0.011). More importantly, the blastocyst formation rates of embryos with 1mM VPA treatment for 16 h were significantly higher than with the treatment for 0, 0.5, 4 and 8 mM (p=0.001, 0.003, 0.000 and 0.000, respectively). On the basis of these results, the following experiments were performed using 1 mM VPA treatment for 16 h.
The level of acH3K9 was increased at the early stage under VPA treatment
The above results showed that the signal intensity of acH3K9 in parthenogenetic embryos was lower than that of the IVF embryos, and the developmental competence could be enhanced with VPA treatment. Therefore, whether VPA treatment could restore the normal level of acH3K9 was assessed. As shown in Fig. 1 and 2A , the signal intensity of acH3K9 at the 1-cell stage was increased with VPA treatment, which was even higher than that of the IVF embryos (p = 0.014). However, the signal intensity of acH3K9 was decreased after VPA withdrawal. At the 2-cell stage, the signal intensity of acH3K9 in embryos with VPA 
acH4K5, H3K4me2 and H3K27me2 were transient and fluctuated with VPA treatment
Considering the phenomenon of acH3K9, we tried to determine whether other histone modifiers undergo similar changes after VPA treatment. The dynamic modulation of histone H4 acetylation was analyzed, and acH4K5 was selected to study (Fig. 3) . The signal intensity of acH4K5 in parthenogenetic embryos with VPA treatment was significantly higher than the untreated embryos at the 1-cell (p = 0.012), 2-cell (p = 0.006) and 4-cell stages (p = 0.000) (Fig. 2B) . However, when the embryos developed into the blastocyst stage, the acH4K5 signal in VPA treated embryos was lower than that of the untreated embryos (p = 0.000).
The fluctuation of histone methylation modification with VPA treatment was also studied.
The H3K4me2 is considered to be an open chromatin marker, and its abundance was analyzed in the present study ( Fig. 2C and 4) . Similar to the presentation of acH3K9, the signal intensity of H3K4me2 in embryos with VPA treatment was higher than the untreated embryos at the 1-cell (p = 0.000) and 2-cell stage (p = 0.000). There were no significant differences in the levels of H3K4me2 between the VPA treated and untreated parthenogenetic embryos at the 4-cell stage (p = 0.240) or blastocyst stage (p = 0.358).
H3K27me2 is mainly taken as a marker of closed chromatin, and its abundance was also analyzed in the present study ( Fig. 2D and Fig. 5 ). At the 1-cell stage, there were no significant differences in the level of H3K27me2 between the VPA treated and untreated parthenogenetic embryos (p = 0.631). At the 2-cell stage, the signal level of H3K27me2 in the embryos with VPA treatment was significantly lower than that of the untreated embryos (p = 0.046). The signal intensity of H3K27me2 in VPA treated embryos was restored to a similar level as the untreated embryos at the 4-cell stage (p = 0.964). Strikingly, H3K27me2 were nearly undetectable in both the VPA treated and untreated embryos at the blastocyst stage. Generally, though there were differences in the impacts of the abundance among acH4K5, H3K4me2 and H3K27me2 with VPA treatment, such impacts were largely eliminated in a short time after VPA withdrawal. 
Discussion
It is well known that no piglet has been born through parthenogenesis to date. Abnormality in epigenetic modifications is considered the major reason for the failed development of parthenogenetic embryos. In the present study, the results revealed that the signal intensity of acH3K9 in the parthenogenetic embryos was significantly lower than the IVF embryos. Similarly, acH3K27, another active epigenetic modification, presented higher levels in the parthenogenetic embryos than in the IVF embryos [7] . The results urged us to consider whether the development of parthenogenetic embryos could be improved by rescuing their histone acetylation. Therefore, the histone deacetylase inhibitor VPA, which has been shown to significantly improve porcine SCNT embryos [5, 8] , was applied in the present study.
Several histone deacetylase inhibitors have been shown to significantly improve the reprogramming of inducible pluripotent stem cells (iPSC) and somatic cell nuclear transfer (SCNT) embryos [10] . Furthermore, histone deacetylases were found to play a critical role in BMP9-mediated osteogenic signaling in mouse mesenchymal stem cells [11] . In the present study, the in vitro development of parthenogenetic embryos was enhanced with VPA treatment. Actually, in the induction of iPSC, the reprogramming rates could be increased up to 100-fold by the administration of VPA [12, 13] . However, the results indicated that VPA treatment to improve the blastocyst formation rate was time and concentration dependent. A previous study showed that low dose VPA exerts little effects on the cleavage rate and blastocyst formation rate of bovine embryo development, but their development was significantly impaired with 3 mM VPA treatment [14] . There may be some cytotoxicity of VPA to the embryos under longer treatment periods or with higher concentration treatments.
With VPA treatment, the signal intensity of both acH3K9 and acH4K5 was increased, indicating that the acetylation level was possibly increased across all H3 and H4 histones. Moreover, a previous study has shown that acH3K9 in SCNT embryos was increased with TSA treatment and reached similar levels to that of the IVF embryos [15] . As for acH4K5, it is found at low levels in bovine cloned embryos and can also be enhanced by TSA treatment [16] . Such enhancement in the level of histone acetylation might lead to more parthenogenetic embryos developing to the blastocyst stage. Histone acetylation could alter the chromatin structure into a more accessible state for many transcriptional factors, therefore, in favor of reprogramming. It seems that high a level of histone acetylation was correlated with high developmental competence. However, knocking down histone deacetylase 1 (HDAC1) decreased the blastocyst formation rate of bovine parthenogenetic embryos despite the increase in acH3K14 [17] . The relationship between acetylation and developmental competence still needs to be further studied.
Histone methylation is also an important form of histone modification and plays a critical role in embryonic development. However, few studies on embryos were focused on the correlation between VPA treatment and histone methylation. In this study, H3K4me2 underwent similar changes to acH3K9, which presented high levels at the 1-cell and 2-cell stages in parthenogenetic embryos with VPA treatment. In fact, one study on human breast cancer cells has suggested that inhibiting HDAC I/II results in significant increases of H3K4me2 [18] . H3K4me2 is considered an active chromatin marker [19] . The signal intensity of H3K4me2 increased with VPA treatment, and this may beneficially activate development-related genes thus contributing to the enhancement of developmental competence. H3K27me2 is typically considered to be a marker of passive chromatin [20] . A short decrease of H3K27me2 at the 2-cell stage after VPA treatment may also be beneficial to the subsequent development of parthenogenetic embryos.
Regardless of histone acetylation or histone methylation, these changes were only maintained for a short time after VPA withdrawal. It seems that restoration of the epigenetic modifications at the pronuclear or pseudopronuclear stage was sufficient to enhance the blastocyst formation rate. However, to overcome the developmental failure
